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Quasiparticle interference (QPI) provides a wealth of information relating to the electronic structure of a
material. However, it is often assumed that this information is limited to two-dimensional electronic states.
Here, we provide direct evidence that out-of-plane scattering vectors can also be observed within QPI exper-
iments. We focus on the case of FeSe, where detailed photoemission and QPI data are available. By using
a three-dimensional tight binding model, fit directly to photoemission measurements, we show that the highly
anisotropic scattering vectors, measured by QPI, can be directly reproduced using a model of FeSe which in-
cludes both kz = 0 and kz = pi states. This result unifies both tunnelling and photoemission based experiments
on FeSe and highlights the importance of out-of-plane scattering vectors within the surface sensitive technique
of QPI.
The characterisation of the superconducting gap of FeSe
has provided important insight into the nature of supercon-
ductivity in the iron-based superconductors. The sign change
[1] and orbital-sensitive momentum dependence [2, 3] of the
superconducting gap strongly suggests that a spin fluctuation
mechanism is driving superconductivity in this material [4, 5].
However, there still remains an open question as to the ori-
gin of the highly two-fold momentum dependence of the su-
perconducting gap [1–3, 6–8], which cannot be reproduced
from theoretical models without invoking some large addi-
tional form of anisotropy in the nematic phase [1, 3, 9–11].
Recently, a similar discrepancy has been encountered in the
electronic structure of FeSe measured by Quasiparticle Inter-
ference (QPI) [12–14], where, again, theoretical calculations
can not explain the data without assuming an additional form
of anisotropy [14]. Ref. [14] interpreted this result as ev-
idence for a large difference in the quasiparticle weights of
the dxz and dyz orbitals, a theory that has also been proposed
to explain the anisotropy of the superconducting gap [1, 10].
However, the validity of this theory has been questioned by
the orbital-sensitive technique of angle-resolved photoemis-
sion spectroscopy (ARPES), where the quasiparticle weight
of the dxz and dyz orbitals are found to be roughly equivalent
[2, 3, 15, 16].
ARPES experiments have, however, also revealed a highly
anisotropic electronic structure, which exhibits a Fermi sur-
face consisting of one hole pocket and a single electron
pocket at low temperatures [17–19]. The question of how this
“one-electron-pocket” Fermi surface emerges from a fourfold-
symmetric Fermi surface, that consists of two electron pockets
above 90 K, is currently under debate [8, 9, 18, 19]. How-
ever, this experimentally measured electronic structure has
been shown to correctly reproduce the two-fold superconduct-
ing gap structure, without the need to invoke strongly orbital-
selective quasiparticle weights [3]. This then raises the ques-
tion as to whether the same scenario can be used to understand
the anisotropy observed within QPI measurements.
In this report we will show that the scattering dispersion
of FeSe, measured by QPI [12–14], can be directly repro-
duced from a model that captures the ”one-electron-pocket”
FIG. 1. Electronic structure of the “one-electron-pocket” model of
FeSe. a) Fermi surface of the two-Fe unit cell of FeSe at kz = pi.
The black line describes the Brillouin zone boundary. b) Fermi
surface map of FeSe near kz = pi (hν = 56 eV) measured by
ARPES on a mostly detwinned sample [17]. c) Band dispersion
along M¯y − Γ¯ − M¯x with projected kz states. The solid lines de-
scribe kz = 0 and kz = pi states, whereas the shaded region indicate
states with intermediate kz . The grey bands show the states that we
have manually excluded from the calculation in order to reproduce
ARPES experiments [17].
Fermi surface measured by ARPES [20]. We find that the
highly anisotropic scattering vectors can be quantitatively re-
produced within calculations which include scattering from
both kz = 0 and kz = pi electronic states. This result pro-
vides experimental unification of the electronic structure of
FeSe, as determined by ARPES and QPI, and highlights the
importance of out-of-plane scattering vectors within the ex-
perimental technique of QPI.
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2I. METHODOLOGY
In this report we employ a tight binding model which has
been optimised to describe the band dispersions determined
from ARPES measurements of detwinned crystals of FeSe
[17]. In Ref. [17], it was observed that, at low temperatures,
the Fermi surface of FeSe consisted of one hole pocket and
a single electron pocket, as shown in Fig. 1(b). However,
tight binding models of FeSe suggest that two electron pock-
ets should be present at the Fermi surface [21]. To account
for this experimental observation, we have chosen to specif-
ically exclude bands associated with this unobserved second
electron pocket. These bands are shown in grey in Fig. 1(a,c).
To exclude these bands, we use the unfolded one-Fe unit cell
of FeSe, which separates the electron pockets in momentum
space [22, 23]. We then employ a Green’s function,
Gˆ0(k, ω) =
1
(ω + iΓ(k))1ˆ− Hˆ0(k)
, (1)
that includes a momentum dependent broadening parameter,
Γ(k). We define Γ(k) as arbitrarily large (> 100 eV) in the
vicinity of k = (0, pi), where our tight binding model de-
scribes the presence of the second electron pocket. For all
other momenta we set Γ(k) to 1.25 meV. The Hamiltonian,
Hˆ0(k), then describes hopping between all five d-orbitals in
the presence of spin orbit coupling. This is discussed in detail
in Ref. [3, 24]. In this report we have additionally reduced the
contribution of spin orbit coupling at the M point to improve
the agreement of the band positions at negative energies. To
do this, we have reduced the spin orbit coupling strength of
the lx and ly components to λx/y = 5 meV. λz is then set
to 19 meV. This form of the spin orbit coupling matrix is de-
fined in [25]. The removal of states “by hand”, makes this
model highly phenomenological, however, within the energy
region of ±50 meV, this approach quantitatively reproduces
the experimental band dispersions measured by ARPES ex-
periments on detwinned crystals [17–19].
The calculation of the local density of states (LDOS),
N(r, ω), measured by QPI experiments, has been discussed
extensively within the literature [14, 26, 27]. Here we em-
ploy the same T-matrix formalism [28], however, we extend
the definition to include out-of-plane scattering vectors. To do
this, we calculate the qz-averaged LDOS in momentum space,
N˜(qx, qy, ω) =
∑
qz
N(qx, qy, qz, ω). (2)
This corresponds to a real space N˜(r, ω) with rz = 0, as
measured by the surface-sensitive technique of scanning tun-
nelling microscopy (STM). We restrict this calculation to only
include kz = 0 and kz = pi electronic states, this was found to
provide better agreement with experiment than a model where
all kz states are included. We show the results of a full kz in-
tegrated calculation in the Supplemental material.
Finally, to facilitate a comparison between theory and ex-
perimental data, we calculate the normalised LDOS, L(r, ω),
also referred to as the Feenstra function [29],
L(r, ω) =
N˜(r, ω)∑ω′=ω
ω′=0 N˜(r, ω
′)
. (3)
We then plot the 2D Fourier transform of L(r, ω), in mo-
ment space, and directly compare our results with the QPI data
from Ref. [13].
II. RESULTS
In this section we demonstrate the importance of including
out-of-plane scattering vectors when modelling the QPI mea-
surements of FeSe. Our motivation for including electronic
states with finite kz arises from the fact that hole-like scatter-
ing dispersions have been measured in QPI experiments up to
energies as high as +20 meV [12, 13]. If QPI experiments are
only sensitive to kz = 0 states, then no hole-like scattering
dispersion should be observed above the kz = 0 hole band
maxima of +7 meV [2, 7, 30]. This would, however, not be
the case if kz = pi states also contribute to scattering, where
the hole band extends up to energies as high at 25 meV.
In Fig. 2, we show the effect of including both kz = 0 and
kz = pi states within the calculation of the Feenstra function.
In Fig. 2(a-c) we present the calculated result for a kz = 0
model of FeSe at negative energies. Here, the scattering vec-
tors are dominated by the elliptical outer hole band, which
decreases in radius as the energy approaches the Fermi level.
When we include both kz = 0 and kz = pi states, shown
in Fig. 2(g-i), the intensity of the scattering vectors, associ-
ated with the kz = 0 hole band, is suppressed. Conversely,
the intensity from the scattering vectors associated with the
two-dimensional bands around the M point is enhanced. This
results in a highly anisotropic scattering dispersion, parallel to
the qx axis, which is in very good agreement with the experi-
mental results of Ref. [13], shown in Fig. 2(m-o). In fact, all
the scattering vectors observed at these energies are accounted
for, with the exception of the central scattering vector in Fig.
2(n), which is likely a limitation of our tight binding parame-
terisation.
Direct agreement between theory and experiment can also
be found at positive energies. As mentioned previously, the
kz = 0 model of FeSe exhibits a hole band maxima at +7 meV.
This means that for energies greater than +7 meV, only a sin-
gle elliptical electron band will contribute to the scattering dis-
persion in our model. This is shown in Fig. 2(d-f). Scattering
vectors arising from the kz = 0 hole band can be observed
in Fig. 2(d), at ω = +6 meV, however, for ω = +15 and
+24 meV only an elliptical dispersion from the electron band
is observed. Alternatively, at kz = pi the hole band captured
within the model has a maximum value of +27 meV. Thus,
the inclusion of kz = pi states into the calculation produces
scattering dispersions associated with both hole and electron
states. This produces the scattering dispersion shown in Fig.
2(j-l) which is in much better agreement with the experimental
measurements of Ref. [13], shown in Fig. 2(p-r). In Fig. 2(j)
it is noted that the intensity of the scattering vectors appears
3FIG. 2. a-f) Calculated Feenstra function, |L(q, ω)| for a two-dimensional, kz = 0 model of FeSe at various energies. g-i) Equivalent
calculations for a model of FeSe which includes both kz = 0 and kz = pi states. m-r) Experimental QPI data. Adapted from Ref. [13] under
the Creative Commons Attribution 4.0 International License. The arrows highlight features which are observed in experiment and captured
within this theoretical framework.
rotated, compared to the experimental measurement of Ref.
[13], shown in Fig. 2(p). This intensity difference can arise
from anisotropic scattering processes, which are not included
in this calculation. However, as the length of the scattering
vectors are correctly described, we conclude that kz = pi
states are present at this energy, and within the experimental
QPI measurements of FeSe.
In Fig 2, we have obtained very good agreement with the
experimental QPI measurements of Ref. [13] on the assump-
tion that the Fermi surface of FeSe consists of one hole pocket
and one electron pocket, as determined by ARPES studies
on detwinned crystals [17–19]. However, as discussed pre-
viously, ab-initio calculations [16, 31], and most theoretical
models of FeSe, suggest that the Fermi surface should con-
sist of one hole pocket and two electron pockets. To further
support the “one-electron pocket” scenario of FeSe, we now
focus on the band dispersions measured by QPI. If we include
both electron-pockets into the calculation, by including the
bands shown in grey in Fig. 1(c), we find that the QPI de-
rived band dispersions along the qx and qy axis are predicted
to be very similar, as shown in Fig. 3(a,b). In particular, the
“two-electron-pocket” scenario predicts electron-like disper-
sions in both the qx and qy directions. This is in stark con-
trast to the experimental measurements of Ref. [13], shown
in Fig. 3(e-f), where electron-like dispersions are only ob-
served along the qy axis. When we repeat this calculation
using the “one-electron-pocket” model of FeSe, shown in Fig.
3(c,d), we indeed correctly reproduce this anisotropic scat-
tering dispersion, with electron-like dispersions only present
along the qy axis. Moreover, below the Fermi level, in the
“one-electron-pocket” model, more hole like bands are be pre-
dicted to disperse along the qx axis than the qy axis, which is
exactly what is observed in the experimental measurements
of Fig. 3(e,f). From this, we conclude that QPI experiments
are in agreement with the electronic structure determined by
ARPES measurements, where only one electron pocket is de-
tected at the Fermi surface.
III. DISCUSSION
In this report, we have provided strong evidence that out-
of-plane scattering vectors also play an important role in the
measurement of QPI. This was initially suggested for FeSe by
Hanaguri et. al. [13], and we have been able to confirm this
with our theoretical calculations. A similar observation has
also been made for LiFeAs [32], where we believe a similar
theoretical analysis would be applicable. It is noted that STM-
based techniques should be insensitive to kz , as the technique
only probes the surface of a material. However, by including
kz = pi states we have been able to attain significantly better
agreement that what is possible with a two-dimensional, kz =
0 model. In the relatively two-dimensional material studied
here, this approach has been sufficient to qualitatively capture
4FIG. 3. Energy vs momentum QPI based band dispersions. a,b) QPI
band dispersions along qx at qy = 0 and qy at qx = 0 for a “two-
electron-pocket” (2eP) model of FeSe. The dashed red line highlights
electron like dispersions. c,d) Equivalent QPI band dispersion for
a “one-electron-pocket” (1eP) model. e,f) Experimental QPI band
dispersions. Adapted from Ref. [13] under the Creative Commons
Attribution 4.0 International License.
the main features measured in QPI. However, in more three-
dimensional materials, a more careful integration over kz may
be required. Further theoretical insight is necessary in order
to fully understand this phenomena.
There is great current interest in the fate of the second elec-
tron pocket of FeSe, which is predicted to exist within the
nematic phase [21, 33] but is mysteriously not observed by
ARPES at low temperatures [17–19]. Recently, it has been
proposed that this missing electron band is actually pushed
above the Fermi level, driven by a particular hybridisation
scheme at the zone boundary in the nematic phase [18, 19].
However, in our understanding, the QPI data does not support
this interpretation; there is no band minimum observed above
the Fermi level, and no low-q electron-like dispersions in the
qx direction (Fig 3e). Another proposition is that the appar-
ent absence of spectral weight on the second electron pocket
is a manifestation of orbital-selective quasiparticle weights
[14], since the phenomenological suppression of dxz and dxy
weight would particularly affect this pocket. In the supple-
mentary material, we present simulations including the quasi-
particle weight factors suggested in Refs. [14]. We find that,
although this approach does account for the general observa-
tion of highly two-fold symmetric QPI spectra and qualita-
tively captures some features, a more satisfactory agreement
can be found within our approach, in which we keep all the
orbitals coherent but implement a pocket-selective coherence.
In this work, our approach has been to take the ARPES data
at face value, and thus to phenomenologically exclude the sec-
ond electron pocket, and its associated bands, despite the fact
that they are present in any reasonable tight-binding model
of FeSe. Under this assumption, our simulations correctly
reproduce many features of the QPI data, which is not the
case when the second electron pocket is included. Thus, this
technique, which is independent and complementary to that
of ARPES, seems to also indicate the presence of only one
electron pocket at the Fermi surface of FeSe. Previously, we
have argued that the “one-electron-pocket” scenario can also
naturally account for the observed superconducting gap struc-
ture of FeSe [3], which has been further supported by specific
heat measurements [34]. There is, therefore, mounting ex-
perimental support for the “one-electron pocket” scenario of
FeSe, which calls for further theoretical and experimental in-
vestigations to elucidate the origin of this effect.
More generally, however, we have shown that out-of-plane
scattering vectors can be detected even within the quasi-two
dimensional material of FeSe. Therefore, the simulation and
interpretation of QPI measurements associated with many
other materials may strongly benefit from the consideration
of electronic states with finite kz .
ACKNOWLEDGMENTS
We thank T. Hanaguri for his insight and for providing high
quality images of previously published experimental data [13]
for comparison with this work. We would also like to thank A.
Chubukov, A. I. Coldea, A. A. Haghighirad, P. D. C. King, M.
van Schilfgaarde, C. Trainer, P. Wahl, M. Yi and C. M. Yim
for useful discussions.
[1] P. O. Sprau, A. Kostin, A. Kreisel, A. E. Bo¨hmer, V. Taufour,
P. C. Canfield, S. Mukherjee, P. J. Hirschfeld, B. M. Ander-
sen, and J. C. Se´amus Davis, “Discovery of Orbital-Selective
Cooper Pairing in FeSe,” Science 357, 75–80 (2017).
[2] D. Liu, C. Li, J. Huang, B. Lei, L. Wang, X. Wu, B. Shen,
Q. Gao, Y. Zhang, X. Liu, Y. Hu, Y. Xu, A. Liang, J. Liu,
P. Ai, L. Zhao, S. He, L. Yu, G. Liu, Y. Mao, X. Dong, X. Jia,
F. Zhang, S. Zhang, F. Yang, Z. Wang, Q. Peng, Y. Shi, J. Hu,
5T. Xiang, X. Chen, Z. Xu, C. Chen, and X. J. Zhou, “Orbital
Origin of Extremely Anisotropic Superconducting Gap in Ne-
matic Phase of FeSe Superconductor,” Phys. Rev. X 8, 031033
(2018).
[3] L. C. Rhodes, M. D. Watson, A. A. Haghighirad, D. V. Ev-
tushinsky, M. Eschrig, and T. K. Kim, “Scaling of the super-
conducting gap with orbital character in FeSe,” Phys. Rev. B
98, 180503 (2018).
[4] P. J. Hirschfeld, M. M. Korshunov, and I. I. Mazin, “Gap sym-
metry and structure of Fe-based superconductors,” Reports on
Progress in Physics 74, 124508 (2011).
[5] J. Kang, R. M. Fernandes, and A. Chubukov, “Superconductiv-
ity in FeSe: The Role of Nematic Order,” Phys. Rev. Lett. 120,
267001 (2018), 1802.01048.
[6] H. C. Xu, X. H. Niu, D. F. Xu, J. Jiang, Q. Yao, Q. Y. Chen,
Q. Song, M. Abdel-Hafiez, D. A. Chareev, A. N. Vasiliev,
Q. S. Wang, H. L. Wo, J. Zhao, R. Peng, and D. L. Feng,
“Highly Anisotropic and Twofold Symmetric Superconducting
Gap in Nematically Ordered FeSe0.93S0.07,” Phys. Rev. Lett.
117, 157003 (2016).
[7] T. Hashimoto, Y. Ota, H. Q. Yamamoto, Y. Suzuki, T. Shi-
mojima, S. Watanabe, C. Chen, S. Kasahara, Y. Matsuda,
T. Shibauchi, K. Okazaki, and S. Shin, “Superconducting gap
anisotropy sensitive to nematic domains in FeSe,” Nat. Com-
mun. 9, 282 (2018).
[8] Y. S. Kushnirenko, A. V. Fedorov, E. Haubold, S. Thiru-
pathaiah, T. Wolf, S. Aswartham, I. Morozov, T. K. Kim,
B. Bu¨chner, and S. V. Borisenko, “Three-dimensional super-
conducting gap in FeSe from angle-resolved photoemission
spectroscopy,” Phys. Rev. B 97, 180501 (2018).
[9] L. Benfatto, B. Valenzuela, and L. Fanfarillo, “Nematic Pairing
from Orbital Selective Spin Fluctuations in FeSe,” npj Quantum
Materials , 56 (2018).
[10] A. Kreisel, B. M. Andersen, P. O. Sprau, A. Kostin, and P. J.
Hirschfeld, “Orbital selective pairing and gap structures of iron-
based superconductors,” Phys. Rev. B 95, 174504 (2017).
[11] H. Hu, R. Yu, E. M. Nica, J. X. Zhu, and Q. Si, “Orbital-
selective superconductivity in the nematic phase of fese,” Phys.
Rev. B 98, 220503 (2018).
[12] S. Kasahara, T. Watashige, T. Hanaguri, Y. Kohsaka, T. Ya-
mashita, Y. Shimoyama, Y. Mizukami, R. Endo, H. Ikeda,
K. Aoyama, T. Terashima, S. Uji, T. Wolf, H. von Lo¨hneysen,
T. Shibauchi, and Y. Matsuda, “Field-induced superconducting
phase of FeSe in the BCS-BEC cross-over,” Proc. Nat. Acad.
Sci. 111, 16309–16313 (2014).
[13] T. Hanaguri, K. Iwaya, Y. Kohsaka, T. Machida, T. Watashige,
S. Kasahara, T. Shibauchi, and Y. Matsuda, “Two distinct su-
perconducting pairing states divided by the nematic end point
in FeSe(1-x)S(x),” Science Advances 4 (2018).
[14] A. Kostin, P. O. Sprau, A. Kreisel, Y. X. Chong, A. E. Bo¨hmer,
P. C. Canfield, P. J. Hirschfeld, B. M. Andersen, and J. C.
Se´amus Davis, “Imaging orbital-selective quasiparticles in the
Hund’s metal state of FeSe,” Nat. Mater. 17 (2018).
[15] L. Fanfarillo, J. Mansart, P. Toulemonde, H. Cercellier,
P. Le Fe`vre, F. Bertran, B. Valenzuela, L. Benfatto, and
V. Brouet, “Orbital-dependent Fermi surface shrinking as a
fingerprint of nematicity in FeSe,” Phys. Rev. B 94, 155138
(2016).
[16] A. Fedorov, A. Yaresko, T. K. Kim, E. Kushnirenko,
E. Haubold, T. Wolf, M. Hoesch, A. Grueneis, B. Buechner,
and S. V. Borisenko, “Effect of nematic ordering on electronic
structure of FeSe,” Sci. Rep. 6, 36834 (2016).
[17] M. D. Watson, A. A. Haghighirad, L. C. Rhodes, M. Hoesch,
and T. K. Kim, “Electronic anisotropies revealed by detwinned
angle-resolved photo-emission spectroscopy measurements of
FeSe,” New J. Phys. 19, 103021 (2017).
[18] M. Yi, Y. Zhang, H. Pfau, T. Chen, Z. R. Ye, M. Hashimoto,
R. Yu, Q. Si, D.-H. Lee, P. Dai, Z.-X. Shen, D. H. Lu, and
R. J. Birgeneau, “The nematic energy scale and missing elec-
tron pocket in FeSe,” arXiv: 1903.04557 (2019).
[19] S. S. Huh, J. J. Seo, B. S. Kim, S. H. Cho, J. K. Jung, S. Kim,
Y. Y. Koh, C. I. Kwon, J. S. Kim, W. S. Kyung, J. D. Denlinger,
Y. H. Kim, B. N. Chae, N. D. Kim, Y. K Kim, and C. Kim,
“Lifted electron pocket and reversed orbital occupancy imbal-
ance in FeSe,” arXiv: 1903.08360 (2019).
[20] M. D. Watson, T. K. Kim, L. C. Rhodes, M. Eschrig,
M. Hoesch, A. A. Haghighirad, and A. I. Coldea, “Evidence
for unidirectional nematic bond ordering in FeSe,” Phys. Rev.
B 94, 201107 (2016).
[21] S. Mukherjee, A. Kreisel, P. J. Hirschfeld, and B. M. Ander-
sen, “Model of Electronic Structure and Superconductivity in
Orbitally Ordered FeSe,” Phys. Rev. Lett. 115, 026402 (2015).
[22] V. Brouet, M. Fuglsang Jensen, P-H Lin, A. Taleb-Ibrahimi,
P. Le Fe`vre, F. Bertran, Chia-Hui Lin, Wei Ku, A. Forget, and
D. Colson, “Impact of the two Fe unit cell on the electronic
structure measured by ARPES in iron pnictides,” Phys. Rev. B
86, 075123 (2012).
[23] E. M. Nica, R. Yu, and Q. Si, “Glide reflection symmetry,
Brillouin zone folding, and superconducting pairing for the
P4/nmm space group,” Phys. Rev. B 92, 174520 (2015).
[24] L. C. Rhodes, M. D. Watson, A. A. Haghighirad, M. Eschrig,
and T. K. Kim, “Strongly enhanced temperature dependence
of the chemical potential in FeSe,” Phys. Rev. B 95, 195111
(2017).
[25] T. Saito, Y. Yamakawa, S. Onari, and H. Kontani, “Revisit of
the Orbital-Fluctuation-Mediated Superconductivity in LiFeAs:
Nontrivial Spin-Orbit Interaction Effects on the Bandstructure
and Superconducting Gap Function,” Phys. Rev. B 92, 134522
(2015).
[26] Y. Kohsaka, T. Machida, K. Iwaya, M. Kanou, T. Hanaguri, and
T. Sasagawa, “Spin-orbit scattering visualized in quasiparticle
interference,” Phys. Rev. B 95, 115307 (2017).
[27] P. G. Derry, A. K. Mitchell, and D. E. Logan, “Quasiparticle in-
terference from magnetic impurities,” Phys. Rev. B 92, 035126
(2015).
[28] For details, please refer to the Supplemental Material.
[29] R. M. Feenstra, “Tunneling spectroscopy of the (110) surface of
direct-gap iii-v semiconductors,” Phys. Rev. B 50, 4561–4570
(1994).
[30] M. D. Watson, A. A. Haghighirad, H. Takita, W. Mansur,
H. Iwasawa, E. F. Schwier, A. Ino, and M. Hoesch, “Shifts and
Splittings of the Hole Bands in the Nematic Phase of FeSe,” J.
Phys. Soc. Jpn. 86, 053703 (2017).
[31] H. Eschrig and K. Koepernik, “Tight-binding models for the
iron-based superconductors,” Phys. Rev. B 80, 104503 (2009).
[32] S. Chi, S. Johnston, G. Levy, S. Grothe, R. Szedlak, B. Lud-
brook, R. Liang, P. Dosanjh, S. A. Burke, A. Damascelli, D. A.
Bonn, W. N. Hardy, and Y. Pennec, “Sign inversion in the
superconducting order parameter of lifeas inferred from bo-
goliubov quasiparticle interference,” Phys. Rev. B 89, 104522
(2014).
[33] K. Jiang, J. Hu, H. Ding, and Z. Wang, “Interatomic Coulomb
interaction and electron nematic bond order in FeSe,” Phys.
Rev. B 93, 115138 (2016).
[34] F. Hardy, M. He, L. Wang, T. Wolf, P. Schweiss, M. Merz,
M. Barth, P. Adelmann, R. Eder, A. A. Haghighirad, and
C. Meingast, “Calorimetric evidence of nodal gaps in the ne-
matic superconductor FeSe,” Phys. Rev. B 99, 035157 (2019).
6Appendix A: Supplemental Material
1. Theoretical methodology
To model the QPI scattering dispersions, we calculate the density of states in the presence of a non-magnetic impurity,
N(r, ω) = N0(ω) + δN(r, ω). (A1)
Here, N0(ω) is the unperturbed density of states,
N0(ω) = − 1
pi
Tr
[
Im
∑
k
Gˆ0(k, ω)
]
. (A2)
Here, k is a 3D vector and Gˆ0 is the Green’s function described in Eq. (1) of the main text. The summation over k is
performed in the first Brillouin zone. For kx and ky , the summation is performed between −pi and +pi in 512 discretised steps.
However, for the integration over kz we restrict the calculation to only include kz = 0 and kz = pi states.
To calculate the local density of states (LDOS), we assume a single non-magnetic impurity that can be described by a point-
like delta function. Under this approximation, the perturbation to the non-interacting density of states, for a centrosymmetric
system, may be calculated in momentum space as,
δN(q, ω) = − 1
pi
Tr
[
Im
∑
k
Gˆ0(k, ω)Tˆ (ω)Gˆ0(k + q, ω)
]
. (A3)
Eq. (A3) can then be inverse Fourier transformed to obtain δN(r, ω). Here, Tˆ (ω) is the T-matrix which describes all scattering
processes associated with the impurity,
Tˆ (ω) =
V
1ˆ− V ∑k Gˆ0(k, ω) . (A4)
As we are assuming a point-like impurity, the impurity potential, V , is assumed to be a constant. In this report we set
V = −100 meV, as suggested by tunnelling experiments on FeSe [14].
2. Comparison with orbital-selective quasiparticle weights
Here we present a comparison of the calculated Feenstra function using the theory of orbital-selective quasiparticle weights.
Following the methodology of Kostin et. al. [14], we begin by using a tight binding model which includes all the theoretically
predicted bands and then modify the Greens function to include anisotropic quasiparticle weights.
G˜nm0 (k, ω) =
√
Zn
√
ZmGˆ
nm
0 (k, ω) (A5)
The quasiparticle weights, Zi, are then defined for each orbital,i as [dxy = 0.073, dx2−y2 = 0.94, dxz = 0.16, dyz =
0.85, dz2 = 0.36] equivalent to that of Ref. [14]. In Fig. 4 we compare the two approaches. In Fig. 4(a-f) we present the
calculated Feenstra function assuming orbital-selective quasiparticle weights and that only kz = 0 states contribute to scattering.
It can be seen that a large anisotropy is induced, which resembles the experimental scattering vectors at negative energies.
However, at positive energies only two parallel sets of scattering vectors are predicted to occur, which arise from the dyz
electron pocket. This does not agree with the experimental data from Ref. [13] where a more complicated scattering dispersion
is presented. It can also be seen that including kz = pi states into this assumption (shown in Fig. 4(g-l)) does not improve the
agreement at positive energies. We attribute this to the fact that scattering associated with the dxz hole band at kz = pi is strongly
suppressed.
7FIG. 4. Comparison of the orbital-selective quasiparticle weight scenario with the “one-electron pocket” scenario studied in this report. a-f)
Calculation of L(q, ω) for the same energies as in the main text, assuming anisotropic Quasiparticle weights and only including kz = 0
states, equivalent to the assumptions of Ref. [14]. g-l) The same orbital-selective quasiparticle weight calculation including kz = pi states.
m-r) L(q, ω), assuming a one-electron-pocket scenario and both kz = 0 and kz = pi states. Presented in Fig. 2(g-i) of the main text. s-x)
Experimental data at equivalent energies. Reproduced from Ref. [13] under the Creative Commons Attribution 4.0 International License.
3. Integration over kz
Here, we show the calculated result from a theoretical model which includes all kz states, rather than just the kz = 0 and
kz = pi approximation discussed in this text. In Fig. 5, we have had to use the 2-Fe unit cell, rather than the 1-Fe unit cell
discussed in the main text. This is because, in the presence of spin-orbit coupling, the unfolding procedure used to obtain the
1-Fe unit cell is only valid at kz = 0 and kz = pi [23]. To obtain the ”one-electron pocket” model of FeSe within the 2-Fe unit
cell, we carefully remove the grey bands, shown in Fig. 1(c), by modifying the momentum dependent broadening parameter,
defined in Eq. (1), to now also include an energy dependence.
In Fig. 5(a,b) and 5(d,e) we present the calculations in the 2-Fe unit cell for ω = +24 meV and ω = −25 meV. These
calculations are identical to the 1-Fe unit cell calculations shown in Fig. 2(f,l) and 2(a,g). In Fig. 5(c) and 5(f) we present the
calculation with all kz states. It can be seen that under this assumption, the scattering vectors are predicted to be very broad.
This does not agree with the experimental data, presented in Fig. 5(g,h). This phenomenologically implies that only kz = 0
and kz = pi states are present in the experimental data. We speculate that this may be because the both of these high symmetry
points exhibit zero Fermi velocity in the kz axis.
8FIG. 5. Comparison of L(q, ω) as a function of kz integration. a-c) Calculated L(q, ω) at ω = +24 meV. Fig. (a,b) are equivalent to Fig.
2(f,l) of the main text. d-f) Equivalent calculation at ω = −25 meV. g,h) Experimental data at equivalent energies. Reproduced from Ref. [13]
under the Creative Commons Attribution 4.0 International License.
FIG. 6. Comparison of L(q, ω) with kz = 0 and kz = pi states only. a-f) Calculated L(q, ω) assuming kz = 0 states only. g-l) Equivalent
calculation assuming kz = pi states only. m-r) Equivalent calculation assuming both kz = 0 and kz = pi states contribute (As discussed in the
main text). s-x) Experimental data, Reproduced from Ref. [13] under the Creative Commons Attribution 4.0 International License.
